ABSTRACT: The photoinduced spin crossover dynamics of transition metal complexes is of fundamental scientific importance and is used for sensor device applications and solar energy harvesting. Current X-ray and optical spectroscopy experiments for [Fe II (bpy) 3 ], an archetypal earth-abundant metal complex, show conflicting spin dynamics. We have simulated the broad band transient X-ray absorption and hybrid (broad + narrow band) X-ray stimulated Raman signals at the N and Fe Kedges of the key excited state intermediates involved in the spin crossover process of this complex. We find that these signals are much more sensitive to electron and spin populations than transition absorption and may be useful in the design of photovoltaic and artificial photosynthetic systems.
T he photoinduced excited state dynamics of transition metal complexes are of fundamental interest with important applications in molecular electronics and solar cell technology. This dynamics usually involves an interplay of charge, spin, and molecular structure evolution. 1 Under light irradiation, transition metal complexes may undergo spin crossover (SCO) 2−4 transitions from low-spin (LS) to highspin (HS) states. SCO materials are useful in light-controlled data storage. 5 More specifically, it is common to generate metal-to-ligand charge transfer singlet excited states ( 1 MLCT) in transition metal complexes using UV pulses, which rapidly evolve to metal-to-ligand charge transfer triplet states ( 3 MLCT) with very high quantum yields. 6 The 3 MLCT state plays a key role in the electron transfer dynamics since it hinders back-charge-transfer and facilitates further charge separation. However, the further decaying of the 3 MLCT state to the other metal-centered spin states in the SCO cascade competes with possible subsequent charge transfer processes. Hence SCO dynamics is an important factor to affect the photon energy harvesting yield of transition metal complexes, and it has been extensively investigated.
Time-resolved X-ray spectroscopy is a promising experimental technique for probing the photoinduced excited state dynamics in transition metal complexes due to its ability to probe of the local geometric and electronic structure of the metal center with high temporal resolution. Compared to conventional linear techniques such as X-ray absorption spectroscopy (XAS) and spontaneous X-ray emission spectroscopy (XES), 7 nonlinear X-ray spectroscopy techniques can probe the coupling between localized excitations around different sites in a molecule, thus providing sensitive detection windows for transient species. 8, 9 Nonlinear X-ray experiments are becoming possible, thanks to the development of intense ultrafast X-ray free electron laser sources. 10−16 The technique combines broad band and narrow band beams, and the resulting signals could resolve the ultrafast SCO dynamics and yield distinct signatures for different intermediates involved in the photoinduced SCO process and facilitate clean interpretation of the excited state dynamics in [Fe II (bpy) 3 ] and in other transition metal complexes.
Transition metal complexes are good candidates as photosensitizers in dye sensitized solar cells. 17−19 Considerable effort has been made in the search for efficient photosensitizers based on cheap earth-abundant metal complexes, such as Cu- 20−22 and Fe-complexes. 23−27 As an archetypal Fe-complex, [Fe II (bpy) 3 ] has been extensively studied by both experiment 28−40 and theory. 27,41−51 However, the SCO pathways have not been sorted out in detail. Figure 1 summarizes the photoinduced spin crossover dynamics derived from most recent experiments ((1)−(4) in the following) and spin−orbit coupling calculations. Different studies reported conflicting results: (1) Chergui and co-workers used time-resolved X-ray absorption spectroscopy at the Fe K-edge 31 and concluded that there is a direct intersystem crossing (ISC) step with a time constant ∼120 fs from the 1, 3 MLCT states to the 5 T 2 state. (2) Gaffney and co-workers employed the time-resolved X-ray spontaneous emission spectroscopy (Fe Kβ) technique 36 and suggested that the ISC process consists of two steps with the time constants of 150 and 70 fs, respectively (see Figure 1) T 2 ) and more complex spin crossover dynamics, which combines ISC with internal conversion (IC) processes (Figure 1c ). They concluded that the direct 1, 3 MLCT → 3 T 2 transition is unlikely due to the very weak spin−orbit coupling between these two states, as the transition involves the simultaneous movement of two electrons and spin flips. Their transition rate calculations relied on the assumption that vibrational cooling is faster than intersystem crossing, and they argued that including higher vibrational levels would not change the overall picture of the SCO dynamics.
The major challenge in unambiguously resolving the SCO pathways is detecting the possible intermediate states with high temporal resolution. Previous experiments 31, 36, 38 showed that a time resolution below 60 fs is necessary to reveal the excited state cascade. The intersystem crossing 1 MLCT → 3 MLCT is extremely fast (<30 fs), and the common Kβ mainline X-ray emission technique is not sensitive to ligands, 36 since it mainly studies the metal 3d to 1s transitions. Transient optical absorption spectroscopy cannot resolve the intermediate state dynamics since the involved transitions are spin-forbidden and overlap with other allowed charge transfer transitions. 35 An ideal spectroscopic technique for resolving the dynamics should give distinct spectral patterns for each species, so that the results do not heavily rely on numerical fitting to some kinetic model. In short, powerful spectroscopic tools with both high temporal resolution and chemical sensitivity are called for.
The complex dynamics involving charge, spin, and structural changes in photoexcited [Fe II (bpy) 3 ] 2+ is too difficult for an ab initio quantum dynamics simulation at the current level of quantum chemistry theory and computational power. For simplicity we fix the complex at its ground state geometry and study the X-ray spectroscopy signals of different spin states. Since the ISC processes in this Fe-complex happen in a ∼100 fs or less, their detection requires faster spectroscopic techniques. We compare the following X-ray techniques:
• X-ray transient absorption (XTA) with broad band pulses (eq 1). This simplest time-resolved spectroscopy technique is used as a reference. We use a broad band pulse to achieve the femtosecond time resolution necessary to observe the 1 MLCT to 3 MLCT spin flip dynamics. The broad spectral band of such pulses allows us to measure a wide region of the spectrum in a single shot.
• Hybrid band stimulated X-ray Raman spectroscopy (HSXRS) 52 (eq 2), also known as attosecond stimulated Raman spectroscopy (ASRS). 53, 54 This is an X-ray analogue of femtosecond stimulated Raman spectroscopy (FSRS) 55 in the optical regime. In this technique, a higher-energy (long, narrow band) pump pulse and a lower-energy (short, broad band) probe pulse arrive at the sample at the same time, creating a superposition of valence excited states through an X-ray Raman process. This hybrid narrow/broad band combination improves The Journal of Physical Chemistry A Article the combined spectral and temporal resolution. The theoretical description of HSXRS has been presented in refs 52 and 54. Another X-ray Raman pump−probe technique, stimulated X-ray Raman spectroscopy (SXRS), 56 ,57 only uses a broad band probe and usually requires over 100 fs of pulse delay to achieve adequate frequency resolution. 53 HSXRS does not have this time restriction and should be suitable for probing ultrafast dynamics. We use the following expressions to calculate the frequencydispersed XTA and HSXRS signals 52 in the study (see the Supporting Information for theoretical details): 
Here, T is the delay time between the UV pump pulse and the X-ray probe pulses, g is the ground state, c is the valence excited state index, Γ c is the lifetime broadening of state c, ω s is the detected frequency, ω 1 is the narrow-band frequency, Δ s = ω s − ω 1 is the Raman shift, the superscripts 0 and 1 stand for the broad or the narrow-band pulse, respectively, and and denote the real and imaginary part, respectively. α(ω,T) is the frequency-dependent polarizability. α(T) is obtained by integrate the frequency out of α(ω,T). Figure 2 . We use a broad band probe (Gaussian pulse shape with σ = 5 eV) since an ultrafast pulse will be necessary to capture the femtosecond dynamics.
Due to the large lifetime line broadening (γ Fe ≈ 1.5 eV), the Fe K-edge XTA does not spectrally resolve the two MLCT and metal-centered states. MLCT states have a strong feature around 6982.5 eV, which corresponds to a core excitation to molecular orbitals on the four pyridine rings with C and H s orbital character. The two metal-centered states MLCT state shows one strong peak at 388.9 eV and a weaker peak around 388.5 eV. These correspond to core excitations from the N 1s orbital to the π* orbitals on the bipyridine ligand which contains the excited N atom. However, for the 3 MLCT state, an entirely new spectral line appears at roughly 388.2 eV. This corresponds to an N 1s core excitation to the π* orbitals on two bipyridine ligands, which is more delocalized than the 388.5 and 388.9 eV excitations. This new peak, not seen in the MLCT singlet state, can be used to clearly track the spin dynamics of the charge-transfer state. The absorption from the 3 T and 5 T states is very different. Most prominently, the nitrogen spectrum of 3 T possesses three strong peaks, at ≈392.9, ≈ 394.5, and ≈396.0 eV, which are missing for 5 T. These peaks also represent N 1s core excitation to a single bipyridine ligand. The calculated oscillator intensities (au) of the strongest peaks of Resonant X-ray absorption spectroscopy probes unoccupied orbitals. In our system, the SCO dynamics happens mostly on the ligands, and the transition dipoles between the metal core orbital and ligand unoccupied orbitals are very small, which implies that the XTA signals at the Fe K-edge are not sensitive to the SCO dynamics. In addition, as mentioned above, the short lifetime of the iron 1s core hole also leads to low resolution of the absorption spectral features. We have already shown Fe K-edge XTA signals (Figure 2) are not selective for The Journal of Physical Chemistry A Article those spin states. Different from X-ray absorption, stimulated X-ray Raman signals represent how core holes couple via valence unoccupied orbitals. Although these quadratic signals are usually much weaker than the linear XTA signals, they are more sensitive to small changes in the local electronic structure of the exited atoms for their higher-order response character. Furthermore, similar to the optical Raman spectroscopy, X-ray Raman has a better spectral resolution than X-ray absorption because of the longer lifetime of the valence excited final state. We have already shown Fe K-edge XTA signals are not selective for those spin states. Compared to XTA at the N Kedge, HSXRS at Fe K-edge has advantages in higher temporal resolution and less photodamage because of the hard X-ray used. In Figures 3 and 4 , we show the HSXRS signal (eq 2) for the four selected species of [Fe II (bpy) 3 ] 2+ at the nitrogen and iron K-edges, respectively. This signal employs a hybrid broad band-narrow band probe pulse and is quadratic in the probe intensity. In all cases, the broad band pulse has a bandwidth of 5 eV while the narrow band pulse is taken to be monochromatic. This signal shows valence electronic rather than core resonances. The former have much narrower lifetime broadening and hence better spectral resolution. In addition, it has high temporal and spectral resolutions. In Figures 3 and 4 , we plot the excitation energy vs the Raman shift (y:x). Features on a horizontal line have the same (core) excitation energy, vertical lines mean fixed final (valence excited) state energies, and diagonal lines imply constant emission energies.
Although XTA could distinguish the four species to some extent, we can see greater differences in the X-ray Raman signals shown in Figure 3 . For example, the three horizontal lines at ω s ≈ 388.9, 388.5, and 388.2 eV in the T species can be distinguished by the presence of several peaks beside the diagonal blue band in the spectra of the former. The signal differences can be clearly seen from horizontal slices of the 2D plots in Figure 3 . Those slices are given in the Supporting Information. These are successive spectra of the Raman shift Δ s , each at a fixed detected frequency ω s . Unlike 1 MLCT, 3 MLCT has significant features below Δ s = 5 eV, and the 3 T state has Raman activity around Δ s = 4.8 eV but the 5 T state has features around Δ s = 4 eV. Other types of slices that emphasize the differences of the signal patterns of various species are possible. These flexible slice choices can be used to obtain an optimal global fitting for the transient signals, which leads to an improved identification of SCO intermediates and pathways. Figure 4 shows the HSXRS signal at the Fe K-edge. Unlike the N 1s spectra, we find no obvious horizontal and diagonal patterns. This may indicate a more intricate core−valence excited state coupling at the Fe K-edge. We have seen in Figure  2 that the broad iron core-hole excitations rendered the XTA spectra far less distinct and informative than at the nitrogen Kedge. It is here that the hybrid Raman signal shows its power, We have compared the X-ray transient absorption and hybrid band stimulated X-ray Raman signals of the Fe(II) bipyridine complex species involved in its photoninduced ultrafast spin-crossover dynamics. We find that the Fe K-edge broad band X-ray absorption signals are not very different for these species because of the short lifetime of the Fe 1s core hole. In contrast the X-ray absorption signals at the K-edges of the N atoms on the bipyridine ligands can be used to distinguish the excited state species. The smaller lifetime broadening of the N 1s core hole results in well-resolved spectra even for pulses of a few-electronvolt bandwidth. More importantly, the simulated hybrid band stimulated X-ray Raman signals, which are quadratic in the intensity of the incident light field, are more sensitive to the subtle changes of electronic structure and spin of the system. Both N 1s and Fe 1s hybrid band X-ray Raman signals show a notable variance for the four excited state species studied. The better resolution of the Raman spectra are due to the smaller dephasing rates of Raman resonances, allowing the use of even very short-lived core states as intermediares for the valence excitation. Conventional linear spectroscopy does not produce very distinct signal patterns for those species. 31, 36, 38 The current study shows that the hybrid band stimulated X-ray Raman technique may be used to study the spin-crossover dynamics at a high level of accuracy, and identify ultrafast spin-crossover pathways in transition metal complexes.
In this study, we have focused on K-edge spectroscopies with hard X-rays. In contrast, the L-edge spectroscopies in the soft X-ray energy regime have the advantage that the involved transitions are dipole allowed, the more chemically relevant metal d orbitals are directly probed, and the corresponding spectral resolutions are better (for longer core-hole lifetime) than those of K-edge spectroscopies. However, L-edge spectroscopy techniques in molecules are very challenging because of photodamage, low sample concentration in solution, large absorption and emission background from light atoms, and ultrahigh vacuum experimental condition requirements. Through element-specific partial fluorescence yield (PFY) detection, L-edge X-ray absorption spectroscopy measurements were recently made possible for metalloproteins at mild experimental condition with X-ray free electron 2+ using a Gaussian pulse with central frequency at the iron 1s core (ω s0 = 6985 eV) and width σ = 5 eV. Vertical axes are the detected (signal) frequency and horizontal axes are the Raman shifts ω s − ω 1 between detected and narrow-band frequencies.
The Journal of Physical Chemistry A Article lasers. 58, 59 L-edge spectroscopies are more sensitive than Kedge spectroscopies since the open-shell d orbitals are directly probed. Thus, when they become possible, L-edge absorption, emission, resonant inelastic X-ray scattering, and stimulated Xray Raman spectroscopies may provide complementary information on the spin state evolution in transition metal complexes and deepen our understanding of the corresponding SCO dynamics.
Previous X-ray emission spectroscopy experiments (Fe Kβ mainline) 36 could not directly access the MLCT states, since the involved excitations are metal-centered and not sensitive to the ligands. However, valence-to-core X-ray emission (VtC-XES) spectroscopy 60, 61 can probe the geometries and electronic structures of ligands. Conventional VtC-XES measures the spontaneous X-ray emission transition from the ligand orbitals to the metal core hole of the system after a core ionization. An experimental difficulty of this technique is that the signals are weak. Special care must be taken in order to extract the desired weak features out of the long decaying tails of the much stronger Kβ mainline features. 60 To remedy this difficulty, one can use another X-ray pulse designed to stimulate the emission in a certain valence-to-core energy region, thus enhancing the corresponding weak spontaneous emission features. Stimulated VtC-XES could be broadly applied and become a general technique to increase the chemical sensitivity of conventional spontaneous VtC-XES. However, the large broadening of the VtC-XES features caused by the short core-hole lifetime severely limits the spectral resolution. A large amplification of certain features would introduce a narrowing and it might be possible to overcome the limit of core-hole lifetime broadening.
Stimulated X-ray emission or Raman experiments have been made possible with X-ray free electron laser (XFEL) for atoms and diatomic molecules. 62−67 The signals require stable attosecond pulses with controlled time separation and competing processes 67 may complicate the interpretation for larger molecules. With the fast development of XFEL, these difficulties could be overcome and stimulated X-ray hybrid band Raman experiments on transition metal complexes are expected in the near future. 
